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Introduction
For domestic and industrial wastewater the focus for reuse has been on the water itself as well as the energy contained within the organics (Verstraete and Vlaeminck 2011) . Domestic sewage could also be a source of products such as nutrients or volatile fatty acids (VFAs) that can be used as building blocks for the production of valuable products such as medium and long chain fatty acids, alcohols and Polyhydroxyalkanoates (PHA) (Agler et al. 2011 , Kleerebezem et al. 2015 , Lee et al. 2014 ) among the others. However, the typical issue with domestic wastewater is its low organic concentration which impedes to obtain an economically feasible production process.
Several concentration technologies allow recovery of the clean water and increase the amount of organic matter for further processing (Meerburg et al. 2015 , Verstraete et al. 2009 ). Best known is the "Adsorption-Belebungsverfahren" process (AB process, generally translated as Adsorption -Biodegradation or Adsorption -Bio-oxidation) (Boehnke et al. 1997 ), also termed "high-rate activated sludge". The AB process is a two-stage treatment system where the first stage, the highly loaded biological adsorption stage or A-stage, is a modification of the conventional activated sludge system (CAS) (Constantine et al. 2012) . CAS is typically These conditions determine bioflocculation with high biomass yields and minimal CO 2 formation, complemented with sorption and storage mechanisms that remove COD (Meerburg et al. 2015) . The A-sludge is highly biodegradable and easily digested to biogas (Boehnke et al. 1998 ). The subsequent B-stage ensures polishing of the wastewater to meet discharge standards. Typically, the A-stage has a COD removal efficiency of 26-52% (De Graaff and Roest 2012), and 80 % of the excess sludge of the overall plant is withdrawn from the A-stage.
The excess B-sludge is combined with the excess A-sludge before digestion to achieve energy neutrality at the facility level. The process is applied at full scale in several municipal wastewater treatment plants (WWTPs) and industrial plants (Boehnke et al. 1997 
Fermentation batch tests
All tests were performed in triplicate in serum flasks (120 mL) sealed with a rubber stopper and aluminum sealer. Headspace was flushed with N 2 at day 0 of all experiments which were kept temperature controlled and shaking at 120 rpm for a period of 7 or 14 days. Liquid and gas samples were taken periodically decreasing the frequency over the experiment. Biogas production was monitored for every sampling point. Chemical analysis procedures are defined in supplementary information.
Determination of key parameters during auto-fermentation
Eight conditions with combination of different pH (4.5, 5, 6, 7) and temperatures (35 ºC and 55 ºC) were carried with only 80 mL A-sludge. Control tests without pH control were performed for each temperature tested for both A-sludge and WAS from Dendermonde WWTP. The pH was adjusted to the desired value by adding 1 M NaOH or 1 M HCl after each sampling time.
Determination of the inoculum impact
Mixed culture inoculum from a fermenter (CSTR) treating diluted molasses (HRT 5 days, pH 5.5, T 35 ºC, obtained after a stable working period of 110 days) for VFA production was previously acclimated to A-sludge as substrate at either mesophilic or thermophilic conditions.
The tests were prepared by mixing 10 mL of inoculum, 
Determination of iron impact on A-sludge fermentation

Analytical techniques
All the analysis were carried out as described in the Supplementary information.
Results and discussion
Key parameters determining A-sludge auto-fermentation
In a first phase, we evaluated the impact of key parameters such as temperature, pH and retention time of the sludge towards auto-fermentation purpose (without inoculum) (Figure 1 ).
Impact of retention time and temperature
Carboxylate production in all tests followed the same pattern, reaching a maximum VFA production at day 7. All fermentation conditions, except pH 4. (2016) for WAS both untreated and heat-alkaline pretreated sludge.
For the A-sludge, the highest VFA concentrations were observed on day 7 and 9 at all the pH values tested (Figure 1a ). Carboxylate concentrations subsequently decreased due to the conversion of VFA to CH 4 ( Figure 1b ). CH 4 generation increased from day 7 and the highest concentrations were obtained at pH 6 and 7 (including the control test with a pH around 6.5).
Therefore, to maximize the VFA production, the retention time for the A-sludge treated in batch mode was fixed at 7 days for all the following fermentation tests.
Temperature and pH range were chosen in this study based on applicability at WWTP level. In particular, thermophilic temperature can in some cases enhance the hydrolysis leading to higher biogas production rates at lower SRT (Levén et al. 2007, Veeken and Hamelers 1999 
Impact of pH
Although several studies in literature show an increase in VFA production when the fermentation is carried out at alkaline pH (8-10) (Cysneiros et al. 2012 ), the use of such high pH involves high concentration of chemicals such as NaOH to raise the pH. Moreover, alkaline fermentation of A-sludge (pH 8, 9 and 10) yielded to lower VFA production than at neutral pH ( Figure S1 , Supplementary information). Therefore, the pH was varied between 4.5 and 7.
An increase in pH led to an increase in VFA production. However, at pH close to neutrality, methane production was enhanced. In several studies the inhibition of methanogens has been achieved controlling various parameters such as sludge retention time (SRT), pH and loading rate. pH is considered to be the most useful parameter since most of the methanogens perform optimally in a narrow pH range of 6.8-7. However, at pH values close to the equilibrium constant of the carboxylates (pKa 4.8 -4.9) also fermenters are impacted by product inhibition. We therefore assessed VFA production depending on pH and temperature only by values obtained after 7 days (Figure 2 Considering this first set of experiments, a pH of 6 -7 gave the highest productions. If production is considered as the sum of VFA and methane, mesophilic tests yielded 128 and 110 mg C g -1 VSS fed and thermophilic tests yielded 114 and 155 mg C g -1 VSS fed at pH 6 and 7, respectively. Not much difference was presented within these conditions, thus they were chosen for further experiments in combination with a residence time of 7 days. ) increased the total product concentration and the product specificity, acetate, in the final mixture. Propionate was mainly detected in non-optimal conditions (thermophilic or lower pH). Methane production was still one of the limitations in sludge fermentation, although it might be reduced when fixing the retention time to 7 days.
Fermentation in the presence of an adapted inoculum
The maximum carboxylate concentration detected for A-sludge auto-fermentation was 141 mg C VFA g -1 VSS fed , equivalent to 30 % conversion efficiency. According to previous work, the conversion efficiency during the digestion of A-sludge to CH 4 is around 50-70 % (De Graaff and Roest 2012, De Vrieze et al. 2013) which suggest that the potential for VFA production should be higher. In the second experiment we thus investigated the impact of an adapted fermentative inoculum acclimatized to A-sludge. Conditions with and without inoculum were tested both at 35 º C and 55 °C and at pH 6 and 7 ( Figure S2 ).
Inoculum presence enhanced VFA production at both temperatures. In all cases the production at 35 °C was higher than at 55 °C ( Figure S2 ), in agreement with the auto-fermentation tests.
The best VFA production was achieved with inoculum at 35 °C and pH 7, the production was significantly higher (P 0.046) than at pH 6.
The total VFA concentrations obtained in this second tests ( Figure S2 ) were lower than the auto-fermentation tests (Figure 2) . Batch tests in which the buffer was replaced by tap water were carried out to test if phosphate buffer could affect the fermentation, yet no difference in VFA production was found (data not shown). Therefore, the difference in total carboxylate production was attributed to differences in A-sludge composition due to day-by-day changes in operational parameters at WWTP level (see 3.3).
Although 35 ºC and pH 7 appeared the most advantageous conditions for methanogenesis to occur, no CH 4 production was detected after 7 days of fermentation, thus confirming that a fermentative inoculum can direct the digestion specifically towards VFA production, when the residence time is kept low. (Table 1) . Fermentation results are depicted in Figure 3 .
Influence of A-sludge composition
The A-sludge collected from Utrecht and Breda WWTPs had a similar production for both winter and summer periods (116 ± 3 and 123 ± 7, and 92 ± 5 and 91 ± 3 mg C VFA g -1 VSS fed, respectively), although summer organics content was lower than winter ( Table 1 ). The VFA production from Rotterdam and Groningen substrates was lower for the samples collected in summer. In particular, the VFA production of the Rotterdam sample was 143 ± 5 mg C VFA g The specificity of VFA production was also evaluated for each substrate and period (Table S1 ).
Utrecht and Breda samples, with similar VFA productions between seasons, also presented similar profiles for both winter and summer. In both cases the acetate proportion ranged between 43 % and 59 % while propionate was detected in a range of 26 % and 33 %. This differed from the ones obtained from auto-fermentation with the same pH and temperature (Table 2) , in which mainly acetate and residual other carboxylates were detected. No repeatability in the percentage of each VFA was found for samples collected during winter and summer from Rotterdam and Groningen, which also presented different VFA production values. Variations in sludge composition might affect the carboxylate production as well as composition. A large nutrient variation was detected between each plant and between both periods tested, representing the major variability within a plant, from the parameters analyzed for each substrate (Table 1) . Further investigations are required as no correlation between VFA production and organics/nutrient ratios were found within the analyzed sites and seasonal points (Table S2) .
Rather than nutrient content, initial BOD 5 of the A-sludge appeared to be the key discriminant for VFA production, being these two parameters the ones presenting a higher correlation (R 2 =0.55, Table S2 ). Different BOD 5 and BOD 5 /COD ratio were found for A-sludge collected from different WWTPs and in different time points (Table 3 ). This high variability is consequent to day-by-day variances in the WWTPs and in the domestic wastewater (in terms of dilution and organics and nutrients content) determining presence of more/less biodegradable COD/BOD that can be converted into carboxylates. The higher BOD 5 the higher the VFA production ( Table 3) 
Influence of iron concentration on carboxylate and methane production
Considerable differences in iron concentration were found in the samples collected from the four WWTPs and within the same WWTP at different time points (Table 1) (Table 1) within the same installation (Rotterdam), presented different VFA production values. Therefore, other variations in sludge composition different than iron were hypothesized as responsible for VFA production differences.
Iron concentration influence on A-sludge fermentation
In order to demonstrate the relationship of methanogenesis to the concentration of iron, 14-days batch tests with the same A-sludge were executed with addition of iron from 2.5 to 20 mmol L 
Conclusions
Optimal pH, temperature and retention time for A-sludge fermentation to maximize VFA production and minimize methane generation was pH 7 and 35ºC for 7 days. Production enhanced in the presence of an inoculum. Fermentation of A-sludge from four different
WWTPs was executed to study the effect of different organics, nutrients and iron content on the fermentation. Initial BOD of the sludge appeared to be key determining VFA yield from Asludge. Iron content could be correlated with CH 4 production but not with VFA production.
This feature of iron limitation might be applied for further studies producing carboxylates to limit methane production. 
